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Conrad Waddington’s eponymous 1957 diagram provided a metaphorical framework for considering how
sequential developmental fate decisions allow an egg to develop into an embryo. In recent years, the
Waddington diagram has been repurposed to illustrate how cellular identity changes in the context of reprog-
ramming. In this Perspective, we revisit the Waddington diagram in light of the emerging recognition that
plasticity is part and parcel of adult regeneration. Specifically, we speculate that the ‘‘epigenetic landscapes’’
that define identity in adult tissues are dynamic, facilitating cellular de-differentiation and trans-differentiation
in the setting of injury.Introduction
In 1940, prior to the recognition of DNA as the molecular basis of
heredity, Conrad Waddington proposed the term ‘‘epigenetic
landscape’’ to describe the terrain of developmental choices
negotiated by the maturing embryo. Years later, in his provoca-
tively titled ‘‘The Cybernetics of Development,’’ Waddington
elaborated on his theoretical framework, emphasizing how vary-
ing paths of differentiation are taken by developing embryonic
tissues as they follow an inexorable path that ultimately results
in a mature well-apportioned embryo (Waddington, 1957). To
clarify his schema, Waddington included a three-dimensional
illustration of his landscape, an image that we now commonly
refer to as theWaddington diagram.Waddington himself pointed
out that this metaphorical representation oversimplified the
complexities of development, but it was his hope that the dia-
gram would provide ‘‘a rough and ready picture of the devel-
oping embryo,’’ helping the reader to grasp complex concepts
such as competence, specification, and regulation.
Over the years, the original Waddington diagram has become
a useful construct for thinking about lineage segregation and
determination in vivo and in vitro. Indeed, advances in cellular
reprogramming, spurred by the landmark experiments of Taka-
hashi and Yamanaka (2006), have prompted a widespread,
seemingly ubiquitous, use of the Waddington topography to
illustrate how these particular reprogramming-induced transfor-
mations in cell identity occur. In particular, his diagram has
become a shorthand for denoting various natural and forced
paths of differentiation taken by cells as they make their reprog-
ramming excursions.
But Waddington was obviously not aware of such phenomena
when he proposed his epigenetic landscape, as his primary
intent was to understand the constraints and dynamics of normal
embryonic development. (In this regard, it should be noted that
Waddington employed the term ‘‘epigenetics’’ to distinguish it
from genetics, the driving force behind speciation during evolu-tion; hence, his use of the term was much broader and quite
distinct from its current use to describe concrete modifications
in chromatin.) Given our fresh appreciation that terminally
differentiated cells can manifest extraordinary plasticity in adult
tissues in vivo, even during ‘‘natural’’ physiological stresses, it
seems reasonable to ask whether the landscape proposed
by Waddington to describe embryogenesis also applies to adult
tissues. To do so, we focus our attention on recent findings
demonstrating that cellular plasticity occurs in vivo as tissues
regenerate following injury.
The Waddington Landscape
Waddington’s diagram conveyed his conceptualization of devel-
opment as a series of successive branching decisions, whereby
genes act at critical points to govern tissue development along
onepathor another (ToshandSlack, 2002). It is this idea—that tis-
sues make a series of choices during embryogenesis—that gave
rise to the metaphorical landscape negotiated by one or more
balls poised for a downhill journey of differentiation (Figure 1A).
Waddington asks the reader to envision each ball as ‘‘a particular
part of the egg’’ and the valleys aswhole organs (he suggests that
the terminal sphere could represent the eye, the brain, or the spi-
nal cord). Although he considers other ways of representing such
developmental systems—phase space diagrams in which cell
fate is guided by multiple vector-like factors, each with its own
rate constant—hedecides against it, reminding us that ‘‘amultidi-
mensional phase space is not very easy for the simple-minded
biologist to imagine or think about.’’
It isworthemphasizing twopoints regardingmodern interpreta-
tions of Waddington’s model. First, the ball sitting atop the hill is
now most often taken to represent an individual cell. However,
Waddington’s original intent was for the ball to symbolize a tissue
in the aggregate. Given that most plasticity experiments per-
formed in the reprogramming era have used gene transfer to alter
the identity of individual cells (i.e. the generation of inducedDevelopmental Cell 36, January 25, 2016 ª2016 Elsevier Inc. 133
Figure 1. Waddington’s Epigenetic
Landscape
(A) The surface of the epigenetic landscape. Three
balls, representing parts of the embryo, can follow
one of several alternative paths during its devel-
opmental history before coming to rest in a given
state of differentiation.
(B) What lies beneath the landscape? Pegs (rep-
resenting genes) and guy-wires (representing the
signaling output of those genes) act to mold the
epigenetic landscape above.
Adapted from The Strategy of the Genes (Wad-
dington, 1957).
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pretations of the Waddington model have focused on the cell-
autonomous features of differentiation. However, it goes without
saying that non-cell-autonomous factors play a critical role in as-
signingcellular identity in vivo, a concept thatWaddington himself
was keenly aware of, as evidenced by his role as a primary expo-
nent of the importanceof embryonic induction. Second, andmore
importantly for our current purpose, Waddington’s original dia-
gram refers to embryonic, not adult, tissues.Waddington empha-
sized thenotion that ‘‘genes’’ shape thecontoursof the landscape
during development, his point being that evolution (acting through
genetics) exerts its influence by controlling the directionality and
scope of embryonic cell fate choices. But Waddington did not
directly address whether a similar topography might guide cell
behavior in adult tissues, particularly when those tissues confront
an injury and must repair themselves.
Are these distinctions important? We believe that they are,
particularly when it comes to depicting the role of cellular plas-
ticity in adult tissue regeneration. Because Waddington was
emphasizing how the rules of embryonic differentiation are set
by one’s genes, his diagram was not primarily designed to focus
attention on the corrective responses of tissues to changing
environmental pressures. That said, in his text Waddington
does address the degree (albeit not the mechanism) of the
self-restorative properties of even embryonic tissues to pertur-
bations during embryogenesis. Indeed, he explicitly notes that
the steepness of the valleys he drew (which he calls ‘‘creodes’’)
reflects a resistance of embryonic anlage to alterations in their
rate and course of differentiation (further coining the term ‘‘ho-
meorhesis’’ to distinguish this embryonic self-correcting process
from the adult phenomenon we commonly refer to as ‘‘homeo-
stasis’’). By pointing out that even embryos, protected in a
‘‘milieu inte´rieur,’’ must be constructed to resist environmental
perturbation, Waddington had already implied that epigenetic
landscapes are not pre-determined or invariant.
Such flexibility is the defining feature of adult regeneration,
when adult tissues seek to restore form and function following
injury. Thus, the framework of our borrowed model accounts
for those processes that occur during regeneration, when tissue
damage, with its attendant inflammation and disruption of archi-
tecture, exposes cells to a series of unfamiliar signals. This, in
turn, raises the possibility that adult tissues may take alternative
routes of differentiation quite distinct from the normal paths they134 Developmental Cell 36, January 25, 2016 ª2016 Elsevier Inc.take to maintain their integrity in the
absence of injury. Given his theoretical
bent, Waddington himself might have en-visioned the appropriate depictions of these phenomena long
before our modern understanding of adult plasticity and reprog-
ramming. What follows is an attempt to pictorially represent the
role of such alternative paths of differentiation in a ‘‘Waddington
diagram’’ that incorporates recent experimental findings.
Cellular Plasticity Is a Fact of Life
Cellular identities established during development can change
over the course of an organism’s lifespan. The most obvious
change in adult cellular identity involves the steady-state differ-
entiation of progenitors and stem cells into mature cells, a mech-
anism that may be accelerated in response to injury. But cellular
identity can also change through other physiological mecha-
nisms in the adult. Such plasticity can take two forms: mature
cells can adopt a progenitor-like phenotype (referred to as
‘‘de-differentiation’’) or one mature cell can morph into another
mature cell directly (‘‘trans-differentiation’’).
Evidence of adult cellular plasticity has existed for over a cen-
tury (reviewed in Del Rio-Tsonis and Tsonis, 2003), but the first
clear examples came from studies of the Drosophila testis.
Within the fly gonad, sperm arise from a hierarchical lineage
whereby germline stem cells (GSCs) successively differentiate
into gonialblasts, spermatogonia, and spermatocytes (de Cue-
vas and Matunis, 2011). Following transient ablation of GSCs,
gonialblasts and spermatogonia (but not spermatocytes) de-
differentiate, taking on the phenotypic and functional character-
istics of GSCs (Brawley andMatunis, 2004; Sheng et al., 2009). In
this way, the damaged fly ensures itself of a steady supply of
sperm, co-opting cell plasticity to reconstitute a stem cell pool
in response to injury.
Such de-differentiation is also widespread in vertebrates,
where tissues employ mechanisms reminiscent of those used
by flies. In the mammalian hair follicle, differentiated epithelial
cells that do not normally participate in hair growth de-differen-
tiate and occupy the stem cell niche following ablation of the
stem cell compartment (Rompolas et al., 2013), while in the
mammalian airway, fully differentiated secretory cells de-differ-
entiate into stem cells after the ablation of the stem cell pool
(Tata et al., 2013). In the latter case, as in the Drosophila testis,
less mature cells seem to de-differentiate more easily than their
fully mature functional secretory counterparts. Importantly,
regeneration-induced de-differentiation need not be complete.
In the zebrafish heart, for example, injured cardiomyocytes
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another and losing sarcomeric structures in order to reenter
the cell cycle and proliferate, thereby repairing the injured tissue
(Jopling et al., 2010). A similar process occurs following sciatic
nerve injury in mice, where mature Schwann cells take on imma-
ture features which allow them to reenter the cell cycle (Arthur-
Farraj et al., 2012). In themammalian kidney, replicating proximal
tubule cells express stem cell markers without becoming
full-fledged stem cells (Kusaba et al., 2014). Furthermore, mech-
anisms that employ stem cell-mediated differentiation and de-
differentiation are not mutually exclusive, as two closely related
salamander species employ both strategies to regrow limbs
following amputation (Sandoval-Guzman et al., 2014).
Trans-differentiation is also widely employed as a physiolog-
ical response to tissue damage. In two mammalian organs, the
pancreas and the liver, terminally differentiated cells undergo
dramatic changes in phenotype following injury. Insulin-produc-
ing b cells in the pancreatic islets are essential for maintaining
blood glucose levels within a narrow physiological range.
When b cells die, either through normal wear and tear or injury,
they are replaced via replication of remaining b cells (Dor et al.,
2004). But when the extent of b-cell loss is extreme, the pancreas
has two distinct mechanisms for generating new b cells from
other cell types. In adult mice, experimental ablation of greater
than 99% of b cells causes glucagon-producing a cells to
trans-differentiate into functional b cells which are capable of
rescuing the mice from the diabetes that would ensue otherwise
(Thorel et al., 2010). In young mice, by contrast, massive b-cell
loss causes somatostatin-producing d cells to transform into
d cells, a switch in identity that is thought to involve transit
through an intermediate ‘‘progenitor-like’’ state (Chera et al.,
2014). Likewise, cellular plasticity contributes to the injury
response in the liver. Following toxin exposure, hepatocytes un-
dergo stepwise trans-differentiation into cholangiocytes, which
presumably facilitates clearance of the toxin (Tarlow et al.,
2014; Yanger et al., 2013). Trans-differentiation in the liver takes
place over days to weeks and does not appear to involve a de-
differentiated intermediate (Yanger et al., 2013).
These cases are likely the tip of the iceberg. Recognizing that
these examples of in vivo plasticity required specialized tools
and a focused search for alterations in cell identity, we predict
that as additional tools are developed, many more examples of
‘‘physiological cell plasticity’’ will be discovered in other tissues.
Hence, tissues appear to employ cellular plasticity—both de-dif-
ferentiation and trans-differentiation—as a general means to
maintain or reestablish function in the face of damage.
The Diagram, Reinterpreted and Amended
If changes in cellular identity are commonplace in adult mam-
mals, how do these transitions occur? It has been the norm
to think of cells as existing in one of several discrete and
stable states: ‘‘high-energy’’ plateaus and ‘‘low-energy’’ valleys
defined by Waddington’s fixed landscape. Conventional inter-
pretations of the diagram imply that only those states and the
paths between them, laid down during development, are permis-
sible. Accordingly, any change in adult cell identity would require
cells to navigate this static landscape, either migrating up pre-
formed valleys (in the case of de-differentiation) or traversing
over or tunneling through hills to find their way to a new valley(in the case of trans-differentiation). But this is not what Wad-
dington, with his focus on embryonic development, had in
mind. Nor is it, in our view, what actually happens during regen-
eration.
Accompanying Waddington’s more famous diagram in ‘‘The
Cybernetics of Development’’ there is another forgotten repre-
sentation of his landscape (Figure 1B). In this illustration, the
viewer sees the underside of the landscape, wherein its surface
topography is held in place by an apparatus of guy-wires and
pulleys. Waddington meant for the guy-wires to represent the
actions of genes, selected over the course of evolution to estab-
lish robust species-specific patterns of tissue differentiation.
Such a landscape, with contours reinforced by strict genetic
controls, would ensure that embryonic development proceeds
in a robust and stereotyped fashion.
But because the landscape is nothing more than a map of
the propensity of cells and tissues to change from one state
to another, there is no reason to assume that it must remain
unchanged throughout life. This is particularly true following
tissue damage, when survival depends on an organ’s ability
to adapt and restore physiological function. Indeed, we have
seen that under conditions of stress, when organs do whatever
they must to maintain tissue integrity and function, cell identity
is exceptionally malleable. Hence, we propose that the land-
scape itself changes in the face of tissue injury, allowing cells
to follow newly available paths that did not exist during develop-
ment. Stated otherwise, regeneration can be thought of as the
tendency of a tissue to reconstruct its original landscape, invent-
ing new paths of differentiation that bridge it through a period of
injury and ultimately recreating the original topology once the
injury subsides.
One way to conceptualize the deformation of the normal land-
scape, into its transient injury-induced state, is to recognize that
novel intercellular inductive interactions are invoked by injury.
Cells may produce morphogens that would normally be absent,
or cell death or extrusion may permit communication between
cells that would normally be separate. Waddington never repre-
sented these types of intercellular inductive events in his dia-
gram, although he implies their importance in his text as the
mechanistic basis for the steepness of his valleys (‘‘creodes’’).
Recent findings concerning de-differentiation suggest that the
loss of a stem cell sometimes provokes the formation of a novel
path, new to the injured landscape, in which a differentiated cell
reverts into the lost stem cell in question. In particular, one illus-
trative example points to a situation in which a stem cell normally
sends some signal forward to its own progeny to maintain the
progeny cell’s mature identity. As a corollary, loss of this signal
(as a result of stem cell loss following injury) activates a new
path leading the mature cell to revert and adopt a stem cell
identity (Pardo-Saganta et al., 2015).
Importantly, this and other examples suggest that de-differen-
tiation and trans-differentiation involve paths of differentiation
that do not exist in the embryo. Viewed from the vantage point
of embryologists, cells traveling in these unexpected paths
may appear to be non-physiological, since they do not exist dur-
ing normal development. But in the setting of regeneration,
where the primary goal is for cells to serve the needs of the
injured tissue, such unfamiliar identity states may be the rule
rather than the exception. A revised rendering of the landscape,Developmental Cell 36, January 25, 2016 ª2016 Elsevier Inc. 135
Figure 2. The Landscape, Reinterpreted
and Redrawn
(A) Panel (i) depicts the steady state of a simplified
landscape, in which tissue homeostasis is main-
tained by three stem/progenitor populations. In
this landscape, stem/progenitor cells rest on
niches represented as plateaus atop hills, while
differentiated progeny lie stably in depressions
(each lineage is represented by a different color,
with brighter hues reflecting a greater degree of
differentiation). In panels (ii) and (iii), injury has
prompted a shift in the landscape. In (ii), the
change in topology has created conditions that
cause a differentiated cell to transform into its
corresponding stem/progenitor cell (de-differen-
tiation). In (iii), the change in topology has created
a new slope so that another mature cell will tend to
convert into another fully differentiated cell (trans-
differentiation). White arrows denote paths of
cellular differentiation, from stem/progenitor cells
to differentiated cells, under normal homeostatic
conditions, while red arrows denote newly formed
paths of de-differentiation and trans-differentia-
tion as a result of injury. In both cases, tissue repair
allows the landscape to return to its steady-state
configuration (two-headed arrows).
(B) (Top) Epigenetic landscapes are depicted in
the absence of cells or tissues, illustrating the
complex changes in topology that can accompany
injury regeneration. Hills may have flat or sharp
tops reflecting the relative stability of the corre-
sponding stem/progenitor cells in their respective
niches. Likewise, the stability of a given differen-
tiation state is reflected by the depth or shallow-
ness of the depressions they occupy. Importantly,
the contours of the landscape change dynamically
with injury, altering the relative ‘‘heights’’ of the
respective cellular states. (Bottom) The injured
state leads to the production of non-cell-autono-
mous signals, analogous to the pegs and guy-
wires inWaddington’s model of embryonic development. But in contrast to the embryo, regenerating adult tissues possess highly dynamic landscapes, whereby
injury-induced novel cell-cell signaling causes peaks to fall and valleys to rise, thereby facilitating tissue plasticity.
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several considerations into account: that plasticity occurs at
the tissue level; that it involves substantial non-cell-autonomous
signaling; and that regeneration involves paths of differentiation
(and identity states) that may be distinct from anything in the
embryo. But the most salient feature of this revised diagram,
and the one that is hardest to represent pictorially in a single im-
age, is its dynamic nature. Stated otherwise, the adult epigenetic
landscape is not fixed.
From the tissue’s perspective, all that is required of the land-
scape is its ability to restore function after injury: cell proportions,
mass, and three-dimensional organization must all be recreated
in a manner that meets the needs of the organism. Thus, the
modified illustration we envision is not a single diagram but a
collection of diagrams that capture the landscape’s dynamic na-
ture. The first of these depicts a tissue maintained by the steady-
state differentiation of stem cells into mature cells of distinct
corresponding type. (In these diagrams, we intend for the balls
to represent cells, as the tissue-level effects are reflected in
the changing landscape itself.) Using the convention established
by Waddington, transitions in cell identity follow a ‘‘downward’’
trajectory from a higher to a lower plane. During normal differen-
tiation the flow of identity proceeds from that of a less mature
stem or progenitor cell to that of a more mature differentiated
cell (Figure 2Ai). Upon injury, however, the topography of the136 Developmental Cell 36, January 25, 2016 ª2016 Elsevier Inc.landscape is transiently jumbled as a result of novel signaling
events, such that some mature cells are situated in a ‘‘higher’’
location than their corresponding stem cells (Figure 2Aii). Under
these conditions, the mature cells follow the newly established
track engendered by these signals—a path possibly forged by
modifications in chromatin—and de-differentiation ensues. Ulti-
mately, as the stem cell pool recovers and other factors in the
microenvironment return to baseline, the landscape recovers
its ground-state topography. Similarly, in trans-differentiation
the changing landscape leads to the formation of new valleys be-
tween what were once well-separated identity states. Again, dif-
ferentiation flows ‘‘downhill,’’ following a path that did not exist
prior to the injury and which disappears after equilibrium is rees-
tablished. Thus, our ‘‘revised’’ Waddington diagram is not so
much a redrawing per se as a series of diagrams to illustrate
the concept of a more dynamic adult landscape (Figure 2Aiii).
This view of the epigenetic landscape also provides amodified
picture of the ‘‘forces’’ involved in cellular plasticity. In most
modern interpretations of the Waddington diagram, balls (cells)
must be pushed up valleys or over hills. But such a model
does not account for the nature of the ‘‘energy’’ directing such
changes in cell behavior. Moreover, it implies that only pre-exist-
ing differentiation states, laid down during development, are
‘‘allowed.’’ By contrast, with a moveable landscape, many
more and novel differentiation states are permitted. The forces
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discussed, such as the loss of an inhibitory signal following stem
cell ablation. Other signals, such as those from infiltrating leuko-
cytes or inductive signals released from a newly exposed extra-
cellular matrix, may also contribute to this altered landscape. In
aggregate, these factors can be represented as the guy-wires
and pulleys in Waddington’s original diagram, but instead
of being molded by unnamed genes selected by evolution, the
guy-wires controlling the contours of the regenerative landscape
are a product of reciprocal inductive signals, designed to
respond to the needs of an injured tissue (Figure 2B).
Lastly, this modified view of the epigenetic landscape has im-
plications for the stability of cellular identity. Conventional views
of the epigenetic landscape suggest an inexorable progression
to some ‘‘ground state,’’ whereby changes in identity would be
highly unfavorable. But in a moveable landscape, when an injury
brings about a change in the absolute ‘‘height’’ of a given differ-
entiation state, cellular identity becomes relative. In this scenario,
a cell retains its original identity if, and only if, another more favor-
able (e.g. ‘‘lower’’) differentiation state does not present itself.
Summary
Conrad Waddington envisioned embryonic development as a
process whereby tissues follow a series of discrete paths before
arriving at some end-differentiation state, paths that he repre-
sented as a three-dimensional landscape. Since then, it has
become apparent that adult cells retain an extraordinary amount
of plasticity, a feature that Waddington (with his emphasis on
development) did not directly address. In this article, we have re-
deployed some of the principles underlying Waddington’s dia-
gram to consider tissue plasticity in adult organs undergoing
regeneration. The revised diagram depicts a dynamic land-
scape, reflecting the notion that injury perturbs cell interactions,
resulting in novel paths of differentiation.With this notion inmind,
many questions arise. What is the molecular machinery that cre-
ates these new paths, and how does it differ from the machinery
that shaped the ‘‘original’’ landscape during development?What
happens to the landscape in cancer or when a tissue’s reparative
capacity is exceeded? And do perturbed landscapes fully regain
their original topologies, or are they permanently altered and
poised to respond to future injuries?
Most studies exploiting cellular plasticity for a desired end-
product have focused on the use of combinations of transcrip-
tional regulators to drive cellular reprogramming, an approach
that is the conceptual equivalent of forcing cells up and over
the metaphorical hills of the epigenetic landscape. While this
strategy certainly has great practical and perhaps clinically use-
ful applications, an alternative approach is to coax cells along
paths that nature has already devised. Indeed, it may even be
possible to create new paths by introducing elements that stim-
ulate inductive relationships not adequately stimulated in an
injured tissue. This could be imagined as pulling on a guy-wire
that was not made taught enough or by relieving the tension
on a guy-wire that has been pulled too tightly. Studying de-differ-
entiation and trans-differentiation under physiological condi-
tions, and defining the factors that facilitate these transitions
and unfamiliar paths of differentiation, will undoubtedly lead to
the discovery of more robust and practical ways to manipulate
cellular identity in the context of disease.ACKNOWLEDGMENTS
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